Cyclobutenes bearing various functional groups were synthesized by derivatization of squaric acid, and their thermolytic ring-opening reactions were investigated. This sequence was found an effective approach to prepare a multi-functionalized diene, which could be used for subsequent Diels-Alder cycloaddition provided that its s-cis form was fixed.
Introduction
Thermal electrocyclic ring-opening of cyclobutene derivatives, to produce 1,3-diene compounds, has been extensively studied since the 1960's, and the theoretical aspects of this fundamental reaction have been elucidated by means of the theory of conservation of orbital symmetry. 1 While numerous studies concerning the stereochemical course of this ring-opening reaction have enabled prediction of the structure of the asymmetric 1,3-diene product, researches aiming at utilizing the resulting dienes as tools for organic synthesis appear to be limited to a few examples. Particularly notable is the synthesis of differently benzoquinones and phenols, in which conjugated ketene intermediates generated by the thermolysis of ethynyl-or Scheme 1. Preparation of the functionalized cyclobutene 7.
Thermal ring-opening of the cyclobutene 7 proceeded in refluxing toluene to give a ca. 1:1 mixture of two geometrical isomers (dienes 8 and 8'), the structures of which were determined on the basis of the conrotatory ring-opening process 1 and NOE experiments (indicated in Scheme 2). Formation of these products indicates that preferential outward rotation of the methoxy group occurred, 7 and that the cyclobutene 7, having the trans relative configuration (of the methoxy group and the dioxolane unit) was converted into the diene 8, and the cis-isomer produced 8'.
These functionalized dienes, which would be difficult to synthesize in other ways, are expected to be versatile synthetic blocks. In the course of our study on o-quinodimethane chemistry, i.e., the thermolytic cleavage of benzocyclobutene derivatives and subsequent Diels-Alder cycloaddition, 8 we were interested in the extension to monocyclic cyclobutenes. Moore's group have reported that cyclobutenes possessing a dithioacetal structure readily underwent ring-opening reaction, while the resulting dienes resisted Diels-Alder reaction except for a particular case. 9 We supposed that replacement of the dithioacetal structure by the more electron-donating ethylene ketal would facilitate Diels-Alder reaction, to increase their utility as synthetic blocks. Thus, the cyclobutenes having an ethylene ketal structure were prepared by the modified procedure developed by Liebeskind et al. 10 Di-isopropyl squarate (9), easily prepared from squaric acid (1), 10 was treated with methyllithium to yield the alcohol 10, which was converted into the TMS ether 11. For the ketalization, Noyori's conditions 11 were adopted and the monoketal 12 was obtained selectively.
These transformations have already been reported. 10 Subsequent addition of methyllithium followed by acid treatment afforded the cyclobutenone 14, which was subjected to DIBAL reduction and methylation to furnish the required cyclobutene derivative 16 (Scheme 3). However, the thermolysis of the cyclobutene 16 in the presence of tetracyanoethylene (TCNE) as a dienophile afforded some unidentified products, and the cycloadduct 17 could not be detected. In the absence of the dienophile, the product 19, presumably formed by hydrolysis of the diene 18 during the work-up process, was isolated in 48% yield (Scheme 4). These results suggest an insufficient reactivity of the diene 18 toward Diels-Alder reaction, probably due to its preference for the s-trans form. With these results in hand, we tried to synthesize a fused-cyclobutene derivative 26 and to investigate its electrocyclic reaction. According to the procedure shown in Scheme 3, the cyclobutene 24 bearing vinyl and butenyl substituents was prepared, namely, by vinylation of the squarane 9, 12 ketalization, introduction of the butenyl group, and treatment with hydrochloric acid (Scheme 5). The cyclobutene 24 thus obtained was subjected to ring-closing metathesis using Grubbs' catalyst 12 to give the fused-cyclobutene derivative 25, which was transformed into the methyl ether 26. 
Conclusions
In this study, we have reported the synthesis of functionalized cyclobutenes as precursors of multi-functionalized dienes. Several derivatizations of the commercially available squaric acid and the stereospecific electrocyclic ring-opening of the derivatives could be exemplified. The attempt to illustrate the utility of the resulting dienes in Diels-Alder cycloaddition revealed that, in the case of the fused-cyclobutene derivative, such applications were warranted. The construction of polycyclic systems for the synthesis of natural products using this methodology is now in progress.
Experimental Section
General Procedures. All non-aqueous reactions were carried out under an Ar atmosphere.
Reagents were purchased from commercial sources and used as received. 
2-(tert-Butyldimethylsilyloxy)-4-(1,2-dihydroxyethyl)-3,4-dimethylcyclobut-2-en-1-one (4).
A suspension of CuCN (342 mg, 3.81 mmol) in dry THF (4.5 mL) under Ar was cooled to 0°C
and a solution of methyllithium in Et 2 O (1.04 M, 7.6 mL, 7.90 mmol) was added dropwise to the mixture. The reaction mixture was warmed to RT and tri-n-butylvinyltin (1.47 g, 4.63 mmol) in dry THF (4 mL) was added. After stirring at RT for 1.75 h, the mixture was cooled to -78°C, and a solution of 2 5 (300 mg, 2.72 mmol) in dry THF (4 mL To a solution of crude 3 (617 mg) in acetone (16 mL) and H 2 O (4 mL) were added NMO 
3-Isopropoxy-1,2-dimethyl-5,8-dioxaspiro[3.4]oct-2-en-1-ol (13).
Under an Ar atmosphere, to a solution of 12 10 (1.62 g, 8.17 mmol) in dry THF (12 mL) was added a solution of methyllithium in Et 2 O (1.04 M, 9.4 mL, 9.81 mmol) at -78°C, and the mixture stirred for 30 min.
The reaction was quenched with H 2 O at -78°C and the aqueous mixture extracted with AcOEt.
The combined organic layer was dried over MgSO 4 
2,3-Dimethyl-5,8-dioxaspiro[3.4]oct-2-en-1-one (14).
A solution of 13 (1.52 g, 7.09 mmol) in THF (28 mL) was treated with 5% HCl (3 mL) at RT. After continuous stirring for 20 min, the reaction mixture was diluted with sat. NaHCO 3 at 0°C and the aqueous mixture was extracted with AcOEt. The organic layer was dried over MgSO 4 
2-Hydroxyethyl-4-methoxy-2,3-dimethylbut-3(E)-enoate (19)
.
